ABSTRACT
ABSTRACT
Towards our goal to better understand the physiological parameters that mediate olfactory information processing on the cellular level, voltage activated calcium currents (I Ca ) in olfactory interneurons of the antennal lobe from adult cockroach were analysed in two conditions: 1) in acutely dissociated cells (in vitro) and 2) in an intact brain preparation (in situ). The study included an analysis of modulatory effects of potential inorganic and organic Ca 2+ channel blockers. I Ca was isolated and identified using pharmacological, voltage and ion substitution protocols. Calcium plays a critical role in the control of a variety of neuronal processes such as synaptic release, membrane excitability, enzyme activation and activity dependent gene activation (Augustine et al. 2003; Berridge 1993 vertebrates, invertebrate channels greatly differ in their pharmacological profile. For instance, one of the characteristics of L-type channels in vertebrates is their sensitivity to 1,4-dihydropyridines (e.g. nifedipine), whereas most invertebrate channels with homologous 'L-type-like' sequences lack this feature (for review see Jeziorski et al. 2000; Wicher et al. 2001 ).
In the insect central nervous system, VGCCs can be separated electrophysiologically into low-voltage activated (LVA) or mid-low-voltage activated (M-LVA) and highvoltage-activated (HVA) calcium channels (Grolleau and Lapied 1996; Wicher and Penzlin 1997) . It has been demonstrated that the LVA current in dorsal unpaired median (DUM) neurons of P. americana could be further bisected into two components according to their sensitivity to Ni 2+ ions: a transient (tLVA) and a sustained LVA current (mLVA; Grolleau and Lapied 1996) . In DUM neurons, LVA currents start to activate at -80 mV, M-LVA at -50 mV and HVA currents at -40 mV.
M-LVA and HVA currents were further characterized by their differential sensitivity to inorganic ions (Ni 2+ , Cd
2+
) and peptide toxins (conotoxins and agatoxins; Wicher and Penzlin 1997). Differential sensitivity of HVA currents in embryonic brain neurons from P. americana to peptide toxins suggests 2 current components resembling the vertebrate P/Q-and R-type channels (Benquet et al. 1999 
METHODS

Animals and Materials
P. americana were reared in crowded colonies at 27°C under a 13:11 h light/dark photoperiod regimen and reared on a diet of dry dog food, oatmeal and water. All experiments were performed with adult animals of both sexes. Before dissection the animals were anaesthetised by CO 2 or cooling (4 °C) for several minutes. For cell culture they where then adhered in a plastic tube with adhesive tape and the heads were immobilised using dental modelling wax (S-U Modellierwachs, Schuler-Dental, Ulm, Germany) with a low solidification point (57°C). For in situ experiments the animals were placed in a custom built holder, and the head was immobilised with dental wax. The antennae were placed in small tubes on a plastic ring that was later used to transfer the preparation to the recording chamber.
All chemicals, unless stated otherwise, were obtained from Aplichem (Darmstadt, Germany) or Sigma-Aldrich (Taufkirchen, Germany) with a purity grade of p.a. (per analysis).
Cell culture
To examine the electrophysiological properties of isolated antennal lobe neurons, cells were dissociated and cultured using modified protocols reported previously (Grolleau and Lapied 1996; Hayashi and Hildebrand 1990; Kirchhof and Mercer 1997) . The head capsule of anaesthetised animals was opened and the antennal lobes were dissected with fine forceps. Typically, ALs from eight animals were pooled in sterile 'culture' saline (kept on ice) containing (in mM): 185 NaCl, 4 KCl, 6
CaCl 2 , 2 MgCl 2 , 35 D-glucose, 10 HEPES, 5% fetal bovine serum (S-10, c.c.pro, Neustadt, Germany), adjusted to pH 7.2 (with NaOH), which resulted in an osmolarity of 420 mOsm. For dissociation the ALs were transferred for 2 min at 37 °C into 500 µl 
Intact brain preparation
The intact brain preparation was based on an approach described by Kloppenburg et al. (1999a,b) , in which the central olfactory network was left intact. Shortly before the experiment, the head capsule of the anaesthetized animal was opened by cutting a window between the two compound eyes and the bases of the antennae. The brain with antennal nerve and antennae attached was dissected from the head capsule and pinned with fine wire in a Sylgard-coated (Dow Corning Corp., Midland, Michigan, USA) recording chamber containing 'normal' saline (see below). To gain better access to the recording site and facilitate the penetration of pharmacological agents into the tissue, the brain was enzyme treated (papain, P4762, Sigma, 0.3 mg ml -1 and L-cysteine, 30090, Fluka/Sigma, 1 mg ml -1 dissolved in 'normal' saline) for ~ 3 minutes at room temperature before the AL was desheathed using fine forceps.
The AL neurons were visualized with a fixed stage upright microscope (BX51WI, Olympus) using a 40x water-immersion objective (UMPLFL 40x / 0.8 NA / 3.3 mm WD, Olympus) and IR-DIC optics (Dodt and Zieglgänsberger 1994) .
Whole cell recordings
Whole-cell recordings were performed at 24°C following the methods described by (Hamill et al. 1981 Armstrong and Bezanilla 1974) . Voltage errors due to series resistance (R S ) were minimized using the R S -compensation of the EPC9. R S was compensated between 30% and 70% with a time constant ( ) of 2 µs. Stimulus protocols used for each set of experiments are provided in the RESULTS.
Organic Ca 2+ Channel Modulators
The following organic Ca 2+ channel modulators which modify L-type and T-type .
Data analysis
The data from the dose-response experiments were fit with a hill equation of the form: 
Charge carrier
Experiments with varying extracellular Ca 2+ concentrations confirmed that Ca 2+ was the charge carrier of the investigated inward current. Low extracellular Ca
2+
concentrations acted quickly to reduce the inward current reversibly (n = 5; Fig. 2A ).
This reduction of I Ca was concentration dependent. When EGTA containing Ca 2+ free extracellular solution was applied, the inward current was completely abolished (data not shown).
When extracellular Ca 2+ was substituted with Ba 2+ (Fig. 2 , B-E), the maximal I Ca was enhanced by approximately 20% (Fig. 2 , B and D) indicating that the channels are more permeable to Ba 2+ than to Ca 
I Ca in vitro
The characteristics of I Ca are shown in Fig. 3 . The I/V relationship of the peak currents was determined by increasing voltage steps (50 ms, 5 mV) between -60 mV and 40 mV from a holding potential of -60 mV (Fig. 3A) . The voltage dependence of activation of I Ca was determined from tail currents that were evoked by 5 ms voltage steps from -80 mV holding potential to 40 mV in 10 mV increments (Fig. 3B) . The I/V relations were fit to a first-order Boltzmann equation (2; Fig. 3 , G and I). Steady state inactivation of I Ca was measured from a holding potential of -60 mV. Pre-pulses (500 ms) were delivered in 5 mV increments from -95 mV to -5 mV, followed by a 50 ms test-pulse to -5 mV, and the peak currents were determined (Fig. 3C) . The I/V relations were fit to a first-order Boltzmann equation (2; Fig.3 , H and I).
During a depolarizing voltage step I Ca activated relatively quickly and decayed during a maintained voltage step (Fig. 3A) . The current waveforms and I/V relations for activation were typical for I Ca , but varied between cells (Fig. 3, D-F) . In vitro I Ca started to activate with voltage steps more depolarized than -50 mV (Fig. 3D) . The mean peak currents reached its maximum amplitude (I max ) of 1.7 ± 0.6 nA ( Fig. 3D2) at -6.5 ± 3.8 mV (n = 65; Fig. 3E ) and decreased during more positive test pulses as they approached the calcium equilibrium potential (Fig. 3D) . Given a mean whole cell capacitance of 29.6 ± 10.6 pF (n = 65), this corresponds to a mean current density of 52.8 ± 18.1 pA/pF (Fig. 3F ).
The activation and inactivation kinetics during a voltage step are voltage dependent (Fig. 3, A and B) ; the time to peak current and the time constant for the decay during a voltage pulse decreased when voltage steps of increasing amplitude were applied.
These parameters, however, were not analyzed quantitatively. The tail currents that are independent of the changing driving force during the series of voltage pulses had a maximum amplitude of 1.9 ± 0.4 nA (n = 21). This corresponds to a mean maximal conductance (G max ) of 12.6 ± 2.7 nS and a mean current density of 63.6 ± 13.8
pA/pF. The I/V relation of the tail currents was fit by a first-order Boltzmann equation Steady state inactivation started in vitro at pre-pulse potentials around -60 mV and increased with the amplitude of the depolarizing pre-pulse (Fig. 3, C,H,I ). The voltage / current relationship was fit with a first order Boltzmann equation (2) 
I Ca in situ
I Ca recorded in situ (Fig. 4) showed similar characteristics as in vitro. However, the I/V relationships had a larger variability and the means were shifted significantly to more depolarized membrane potentials. The mean voltage for activation of the maximal peak current was shifted by 14.4 mV (P < 0.001). The voltage for halfmaximal tail current activation (V 0,5 act ) was shifted by 7.3 mV (P < 0.001). In situ, I Ca started to activate at command potentials more depolarized than -40 mV (Fig. 4D ).
The mean peak currents reached a maximum amplitude (I max ) of 1.2 ± 0.4 nA (n = 22; Fig. 4D ) at 8 ± 7.8 mV (Fig. 4E ). Based on a mean whole cell capacitance of 28.8 ± 7.8 pF, this corresponds to a mean current density of 42.6 ± 14.3 pA/pF (Fig. 4F ).
The tail currents had a mean maximum of 1.8 ± 0.4 nA and a mean voltage for halfmaximal activation (V 0.5 act ) of -10.5 ± 6 mV (s = 7.5 ± 1.8; n = 13; Fig. 4 , G and I). In situ steady state inactivation started at pre-pulse potentials around -60 mV and had a mean voltage for half-maximal inactivation (V 0.5 inact ) of -19.9 ± 6.7 mV (s = 8.7 ± 1.9; n = 8; Fig. 4 activation and inactivation we compared the I/V relation for tail current activation and peak current inactivation that were both well fit by a Boltzmann function.
VERAPAMIL. The phenylalkalamine verapamil was tested at concentrations ranging from 10 -6 to 10 -3 M. Example experiments demonstrating the verapamil effect are shown in Fig. 6A and the dose response curve is given in Fig. 6A2 . An obvious effect of verapamil started at 10 -4 M and a nearly complete block was achieved at 10 -3 M (Fig. 6) . The effects reached a steady-state within 3 -5 min. The dose inhibition curve was well fit by a Hill equation (1) The voltage dependence of the peak-and tail-current activation was not modified by verapamil (Fig. 6, C1,C2,D) . However, the voltage dependence for steady state inactivation of I Ca was changed (Fig. 6E) : The mean voltage for half-maximal inactivation (V 0.5 inact ) was shifted to hyperpolarized membrane potentials from -27 ± 3.3 mV (s = 7.7 ± 2.2) to -36.4 ± 2.1 mV (s = 6.5 ± 1.5; P = 0.005; n = 9).
DILTIAZEM. The benzothiazepine diltiazem was tested at concentrations ranging from 10 -6 to 10 -3 M. Example experiments demonstrating the diltiazem effect are shown in Fig. 7A and the dose response curve is given in Fig. 7A2 . The effects reached a steady-state within 3 -5 min. A clear diltiazem effect started at 10 -4 M.
The dose inhibition curve was well fit by a Hill equation (1) with a half-maximal block of I Ca at concentration of 2.87 x 10 -4 M (n H = 1.06; Fig. 7A2 ). The I Ca block was accompanied by a change in the waveform of I Ca ( Fig. 7B and inset) . During a depolarizing voltage pulse diltiazem increased the rate of inactivation. The mean time constant ( ) of the decay of I Ca (from a monoexponential fit) during a voltage pulse to -5 mV was significantly increased from 17.3 ± 2.1 ms to 28.2 ± 6.5 ms (P = 0.003; n = 6) when the IC 50 of diltiazem (3 x 10 -5 M) was applied. This effect was even more prominent with higher concentrations of diltiazem (data not shown).
The I Ca component that was not blocked by diltiazem at or above its IC 50 was activated at slightly, but significantly more hyperpolarized potentials (Fig. 7, C2 and   D) . Accordingly, the mean V 0.5 act for steady state activation of the tail currents (from a first-order Botzmann fit) was shifted from -20.3 ± 2.3 mV (s = 5.4 ± 1.3) in the control to -23.7 ± 1.9 mV (s = 5.5 ± 1; P < 0.001; n = 8) during diltiazem application (Fig.   7D ). In addition, diltiazem shifted the voltage for half-maximal voltage for inactivation (V 0.5 inact ; from a first order Botzmann fit) to more hyperpolarized membrane potentials from -22.3 ± 2.6 mV (s = 9.2 ± 1.6) in the control to -30.8 ± 2.3 mV (s = 7.1 ± 1.3; P < 0.001; n = 7) during diltiazem application (Fig 7E) .
NIFEDIPINE. The 1,4-dihydropyridine nifedipine was tested in concentrations from 10 -6 M to 10 -4 M, in which range it was relatively easy to dissolve. Example experiments demonstrating the nifedipine effect are shown in Fig. 8A1 and the mean dose response data is given in Fig. 8A2 . An obvious effect of nifedipine on I Ca was detectable at 10 -5 M (Fig. 8A) . The maximal usable concentration of nifedipine (10 -4 M) blocked approximately 33 % of I Ca (Fig. 8A) . The remaining experiments with nifedipine were carried out with a concentration of 10 -4 M. At this concentrations nifedipine reduced I Ca without significantly changing the waveform and the voltage dependence for activation and inactivation (Fig. 8, B 
-E).
NON SPECIFIC EFFECTS OF CA 2+ ORGANIC BLOCKERS. Verapamil, diltiazem and nifedepine had to be used in the mmol range to yield a significant block. To test if these substances cause effects on other channels we tested all blockers at their IC 50 on the voltage activated whole cell sodium-and potassium current. The main components of the potassium current are I A and I K(V) in these neurons To record the sodium and potassium currents K + was used instead of Cs + in the pipette solution.
The normal extracellular solution was used without TTX, 4-AP and TEA, whereas the change in osmolarity was compensated with NaCl. We did not perform a detailed biophysical analysis, but all three organic blockers clearly had large effects on the voltage activated sodium-and potassium current (Fig. 9 ). All blockers drastically reduced the amplitude and / or waveform of the sodium-and potassium currents.
Verapamil seemed to preferentially block the sustained component (I K(V) ) of the potassium current (Fig 9 C) . However, the verapamil effect on the isolated I K(V) ( (Gielow et al. 1995) ).
Often the organic Ca 2+ channel blockers act more potently on vertebrate cells than on invertebrate neurons and in previous studies, it has been argued that the I Ca blocker concentrations, which are needed to inhibit calcium currents in insect neurons, are too high to achieve any specific effects on calcium channel subtypes (Benquet et al. 2002) . Our studies confirmed these concerns. All three blocker, verapamil, diltiazem and nifidepine affected voltage activated sodium-and potassium currents dramatically. Similar effects on voltage activated potassium currents have been described previously (e.g. Caballero et al. 2004; DeCoursey 1995; Trequattrini et al. 1998 ). Unfortunately, these findings limit the use of the tested blockers for many experimental application. However, some blockers, e.g. diltiazem, reduce a specific Verapamil, especially at concentrations between 10 -4 and 2.5 x 10 -4 M, decreased the inactivation rate of I Ca in a dose dependent manner. Considering that in vertebrates various Ca 2+ channel subtypes differ in their inactivation kinetics (Budde et al. 2002; Fox et al. 1987) , this finding could indicate that I Ca in AL interneurons consists of current components with different inactivation kinetics. However, it also has been argued that such an increase in the decay rate could be caused by the blocking mechanism of verapamil ('openchannel blocker'; Johnson et al. 1996) .
Diltiazem
Similar to diltiazem induced block of I Ca described here, a reduction of I Ca by diltiazem has been demonstrated in cockroach DUM neurons (Wicher and Penzlin 1997) and Drosophila muscles (Gielow et al. 1995) . However, dose dependent effects of diltiazem were not previously investigated in detail. Tail current activation: V 0.5 act = -10.5 ± 6 mV; s act = 7.5 ± 1.8; n = 13. Steady state inactivation: V 0.5 inact = -19.9 ± 6.7 mV; s inact = 8.7 ± 1.9; n = 8. 
